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di!erent width of LC treatment, B= 2.5, 5.0 and 10.0 mm. We kept the
distance between LC treatment in upper and lower adherends constant
of 5 mm, as shown in Fig. 1.

The main parameter guiding the e"ciency of the laser irradiation
process is the pulse #uence (Fp):
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where Ip is the laser irradiance, tp is the laser pulse duration, v is the
traveling speed, PPI represents the number of pulses per inch, =f v PPI·
is the pulse frequency, Wave is the average pulse power, and =A !d /4s 2

is the spot size of the laser. Previous investigations have revealed that
the surface morphology and energy varies for di!erent pulse #uence
and frequency [24,23]. In the present work, we kept the traveling speed
and the number of pulses per inch constant at, =v 500 mm/s and=PPI 1000, respectively. The focal distance was optimized so that the
resulting laser spot diameter d was 200 µm.

2.3. Surface characterization methods

We measured the surface roughness of adherends after laser treat-
ments along the $ber direction using a surface pro$lometer (Dektak
150 Surface Pro$ler, Veeco, New York, USA) with a 5 µm-diameter
stylus probe. The probing location for the roughness measurement
covered LA-treated, LC-treated and LC-LA transition areas. We per-
formed $ve measurements for each spot with 9 mm gauge length and
0.1667 µm/point resolution. We used a Field Emission Scanning
Electron Microscope (FE-SEM) model Quanta 600 (FEI) with secondary
electrons to inspect the surface morphology of the adherend after laser
treatments. Prior to SEM observation, the adherend surface was sput-
tered with Au/Pt layer.

2.4. ENF test

We performed the end-notch #exure (ENF) test based on ASTM
D7905 to obtain the mode II interlaminar fracture toughness of the
secondary bonded joints. Fig. 2 shows the ENF test setup and schematic
representation of the sample under concentrated load P. We used a
three-point bending $xture with 10 mm diameter support and 10 mm

Table 2
CO2 laser processing parameters used for laser cleaning (LC) and laser ablation
(LA).

Parameters Surface pretreatments

LC LA

Laser wavelength (µm) 10.6 10.6
Focal distance (mm) 50 50
Spot diameter (µm) 200 200
Laser speed (mm/s) 500 500
Pulse frequency (kHz) 20 20
Processing gas (–) Air Air
Average power (W) 7.5 22.5
Pulse #uence (J/cm2) 1.2 3.6

Fig. 1. Schematic representation of the bonded joint with the proposed laser
patterning. (For interpretation of the references to colour in this $gure legend,
the reader is referred to the web version of this article.)

Fig. 2. Experimental test (a) setupand (b) schematic representation of ENF specimen and test geometry. Dimension used in the study were: L = 90 mm, a0 = 40 mm,
ad = 5 mm and loading roller diameter and supports are 10 mm. (For interpretation of the references to colour in this $gure legend, the reader is referred to the web
version of this article.)

Table 3
Test matrix of the end-notch #exure.

Label Treatment LC-treated width (mm) Adhesive thickness (mm)

LA-T008 LA – 0.8
LA-T002 LA – 0.2
LC-T008 LC – 0.8
P250-T008 LA + LC 2.5 0.8
P500-T008 LA + LC 5.0 0.8
P500-T002 LA + LC 5.0 0.2
P1000-T008 LA + LC 10.0 0.8
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Considering Irwin-Keis relation, Eq. (4), the relation between GII
and ae can be expressed as:
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2.6. Damage identi!cation method

We used the X-ray micro-computed tomography (µ-CT) system
(Nikon X-TEK XT-H225) to identify internal damage modes in the tested
specimen. Since the two adherends of the specimen were not entirely
separated after the test, a 2 mm thick wedge was inserted into the initial
crack area to improve damage visualization. The parameters set in µ-CT
system were 60 kV voltage, 100 µA intensity, 250 ms exposure time,
11.27 µm voxel size and 26 mm !eld of view. In all inspected speci-
mens, the machine acquired 2500 projections during the 360° rotation.
We reconstructed the images using CT Pro 3D and then analyzed the
images using Avizo software.

3. Results

3.1. Surface characteristics of patterned adherend

Fig. 3(a) shows the surface characteristics of the interface with two
alternating treatments of LA and LC. The width of the LC-treated strip is
5 mm, while the gap between the two LC-treated adherends is also
5 mm. FE-SEM on the right shows that the LC-treated strip maintains
the morphology of peel ply. The slight removal of epoxy showing bare
!bers (see yellow circles) helps to improve the bonding between the
adherend and adhesive. On the other hand, the LA-treated strip exhibits
a full removal of the epoxy from the surface and bare !bers. The surface
roughness of LC and the transition stage between LA and LC is shown in
Fig. 3(b). The LC-treated area shows local peaks with an average am-
plitude of 33 µm. The LA-treated area displays a smooth surface with an
average roughness of 8 µm due to the removal of the epoxy. The depth
di"erence (as indicated in Fig. 3(b)) between LA- and LC-treated
roughness is around 40 µm.

3.2. ENF test results

Fig. 4 shows an example of load-displacement ( (P !), e"ective
crack length-displacement ( (a !e ) and mode II fracture toughness-
crack length (GII -ae) behavior (R-curve) of LA-T008 sample obtained
using the SBT and TBT methods to highlight some characteristics of the
data reduction methods. Fig. 4(a) shows that the SBT method generally
produces slightly higher ae than the TBT method at the same dis-
placement level. Such a di"erence is originated from the method of
de!ning compliance, and eventually ae. In the SBT methods, C keeps
changing at each increment, while ae is computed substituting C into
Eq. (2). However, the TBT method de!nes a crack initiation when C is
larger than C0; in this case, C0 is equal to 1/122 mm/N (inverse of the
linear !tting slope in Fig. 4(a)). C0 is determined by linear !tting of the
elastic loading part of (P ! curve, as shown in Fig. 4(a).

Notably, the ae computed using both methods is always larger than
the real crack length. This is due to nonlinear deformation of the ad-
hesive layer before the crack starts to propagate [34]. The nonlinear
deformation dissipates some energy due to plasticity, which is taken
into account in both methods to calculate the hypothetical crack [34].
Nonetheless, the R-curve computed using both methods shown in
Fig. 4(b) is similar. Two main features can be extracted from this !gure:
the initiation and propagation fracture toughness, GIIi and GIIc, respec-
tively. The initiation fracture toughness is the fracture toughness at the
initial crack length, 40 mm. The fracture toughness increases with in-
creasing crack length until a fairly constant value is achieved, at which
the GIIc is de!ned.

Fig. 5(a, c, e) shows (P ! obtained from ENF specimens with
0.8 mm adhesive thickness (LA-T008, LC-T008, P500-T008). Fig. 5(b, d,
f) shows their corresponding R-curves, which feature a good repeat-
ability. A summary of the maximum load, Pmax, and fracture tough-
nesses, GIIi and GIIc, computed using the SBT and TBT methods is shown

Table 4
Summary of maximum load, Pmax , and fracture toughness, GIIi and GIIc for all the tested joints. Note: GIIc of LC-T008 could not be obtained since the crack propagated
very quickly causing catastrophic failure.

Label Pmax(N) GIIi (N/mm) GIIc (N/mm)

SBT TBT SBT TBT

LA-T008 1256 ± 55 0.81 ± 0.15 0.55 ± 0.19 8.82 ± 0.81 8.34 ± 0.43
LA-T002 737 ± 68 0.41 ± 0.22 0.35 ± 0.25 2.49 ± 0.30 2.39 ± 0.21
LC-T008 1312 ± 21 1.05 ± 0.24 0.87 ± 0.17 – –
P250-T008 1345 ± 92 0.71 ± 0.13 0.63 ± 0.35 10.92 ± 0.55 10.64 ± 0.52
P500-T008 1443 ± 76 0.45 ± 0.21 0.58 ± 0.27 11.29 ± 0.76 11.28 ± 1.12
P1000-T008 1560 ± 47 1.02± 0.09 0.84 ± 0.15 14.1 ± 0.40 13.8 ± 0.84
P500-T002 806 ± 87 0.91 ± 0.35 0.84 ± 0.18 3.11 ± 0.44 2.84 ± 0.39

Fig. 6. (P ! curves representative samples of LA-T008 and P500-T008 con-
!gurations. (For interpretation of the references to colour in this !gure legend,
the reader is referred to the web version of this article.)
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Figure 10: Comparison among R-curves of specimens with saturated and non-saturated adhesive:
(a) � = 20 mm, (b) � = 40 mm.
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Strategy 2b

Strategies:
Promote long-range bridging and non-local toughening
through designed texturing strategies on composite
substrates and/or epoxy adhesive layer.

Introduction:
Adhesive bonding of composite structures is widely
used due to the light weight and structural integrity.
Challenges lie in 1) improving joints’ intrinsic
performance, 2) promoting progressive failure, and
3) keep substrates’ integrity.

substrate

substrate

substrate

Strategy 1:
surface treatment patterning

Strategy 2a:
thermoplastic inclusion

Strategy 2b:
sacrificial cut

Enhancement in Mode I DCB Improvement in Mode II ENF

Toughening in industry-adopted T joints

Principle: interfacial heterogeneity generates ligaments, promoting non-local toughening 

Improvement in Mode II ENF

Enhancement in Mode I DCB

3.6 times toughening 6.0 times toughening

1.5 times toughening
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